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Abstract - The coalescence of polymer droplets is a fundamhgottenomenon which appears for
example when mixing two polymers. When two polymetioplets collide, a transient regime appears,
which results from a competition between interfa@ad viscoelastic effects : the spherical droplets
deform to give birth to a new drop in a short tifi¢ and the drop shape stabilizes after a long time.

A novel method is proposed to study experimentaligler a microscope the collision between two
droplets of one polymer in another one, with défer viscosity ratios. This allows to determine the
characteristic timectwhich defines this phenomenon. The experimentgafigtshow that ¢ varies like

the geometric mean of the viscosities of the twmlympers, for the case of a
polydimethylsiloxane/polyisobutylene system.

Coalescence de gouttelettes de polymeres : expéegde collision

Résumé -La coalescence de gouttelettes de polyméres gatémoméne fondamental qui intervient par
exemple lorsque I'on mélange deux polymeéres. Lersdgux gouttelettes de polyméres rentrent en
collision, un régime transitoire apparait, qui @égi par la compétition entre les effets de surfatées
effets viscoélastiques : les gouttelettes sphésiqgeedéforment pour donner naissance a une nouvelle
goutte dans un temps rapidg)(et la forme de cette goutte se stabilise danemps long.

Une nouvelle méthode est proposée pour étudieriexpétalement sous microscope la collision de deux
gouttelettes d'un polymére dans un autre en faisarier le rapport des viscosités. Ceci permet diav
acces au temps caractéristiquedui définit le phénoméne. Les expériences montreett est en fait

proportionnel a la moyenne géométrique des visésdgites deux polymeéres, dans le cas d'un systéme
polydiméthylsiloxane/polyisobutyléne.

Key words:coalescence - collision - droplet - polymer - ifgeial tension
Mots-clés:coalescence - collision - gouttelette - polymétension interfaciale

Version francaise abrégée- Le terme de coalescence désigne en général taniséne global de
rencontre de deux gouttes d'un milieu 1 placées darmilieu 2. Ce processus peut étre di a desdorc
de natures différentes (mouvement Brownien, fordesvan der Waals, forces extérieures comme un
cisaillement, ...) et on peut le décomposer eniglus phases:

I. l'approche des gouttelettes avec le drainadgiuiie interstitiel

II. I'ouverture d'un trou

I1I. la collision

La premiére étape a été bien décrite précédemnigner faisant plusieurs hypothéses concernant la
nature de linterface, mobile, partiellement mopitai fixe. La seconde étape est plus délicate mais

T Presented at the "Workshop on multicomponent antfiphase Fluid Dynamics", Philadelphia, march 12-13
1999.

* Dedicated to Professor Daniel D. Joseph, on tkasien of his 70th Birthday.

-1-



suppose que lorsque I'écart entre les deux gotiételeorrespond a une distance caractéristiquie {de

I'ordre de 50°A), il se crée un trou permettant la réunion descdmuttelettes.

C'est la troisitme et derniére étape qui nous ess&r ici ; en outre elle a été peu étudiée dans la
littérature. Il s’agit de comprendre les mécanismas régissent la déformation de la surface lilzre,
savoir l'influence couplée des effets de surfacevistoélastiques, afin de prédire quels sont les
parametres qui contrélent réellement cette étape.

Pour cela, nous utilisons deux polymeres fondussparents, le polydimethylsiloxane (PDMS) et le
polyisobutylene (PIB), en se plagcant sous un maops. Sous l'action des seules forces de van der
Waals, deux gouttelettes se rapprochent et sessanti ceci étant filmé a l'aide d'une caméra viDaos

le systeme considéré, les effets élastiques sgfigaébles.

Les résultats montrent qu'un premiére phase tygisleantervient, ou la surface libre se déformensise

a l'action prépondérante des forces de surfaceuiensine deuxieme étape plus longue se déroule
(relaxation), pendant laquelle la goutte nouvellenfiermée atteint sa forme sphérique finale.

Le temps caractéristique tle la premiére phase est mesuré en prenant Sk la pente de la courbe

D(t)/Dg en fonction du temps t (D(t) longueur totale dedauvelle goutte, P longueur initiale) et il est
porté sous forme adimensionnetitc/n1R1 (o est la tension interfaciale etjRe rayon de la grosse
gouttelette) en fonction du rapport des viscositéi§2. La pente obtenue, pour différentes combinaisons
de viscosités)1 etno, est environ -1/2, ce qui veut dire qyevarie & peu prés comme la moyenne

géométrique des viscositeg1n2 .

1. INTRODUCTION. -

Coalescence usually describes the global mechamyswhich two drops of a fluid 1 meet in a fluid 2.
This process may be due to different forces (Brawriorces, van der Waals ones, or exterior forikes |
shear, etc.) and can be divided into three diffepbases :

I. the approach of the droplets with the drainifithe interstitial fluid

1. the opening of a hole

I1I. the collision

The first stage has been well described previo{Hly several approaches consider mobile, partially
mobile or immobile interfaces. The second stagenése delicate and requires a physical hypothesis
assuming that a hole will appear when a certainllsocharacteristic distance exists between the two

droplets (typically 50°A), then the droplets meet.

We consider here the final stage. In addition it ot been studied so much in the literature.
Understanding the mechanisms of deformation of ftee surface are essential, i.e. the competition
between interfacial tension and viscoelasticitypider to determine which are the relevant parammete
governing this phenomenon.

In order to do so, we use two transparent polymeitana polydimethylsiloxane (PDMS) and
polyisobutylene (PIB) and put this system underierascope. Under the action of van der Waals forces
only, two spherical droplets get closer and evdlytmaeet, this being filmed using a video camerathiis
particular system, elastic effects can be neglected

Results show that a first rapid phase occurs, wiereurface moves due to surface forces mainlgneh
second and longer phase is observed, during whieméwly formed drop changes shape (relaxation)
until it becomes spherical.

The characteristic time ©Of the first stage is measured from the slop&éndiagram D(t)/§ versus time

t (D(t) total length of the new drop,dnitial length) and is plotted in its dimensiorddermotg/n1R1 (o
is the interfacial tension andiRhe radius of the large droplet) against the \dggorationi/n2. The
slope obtained for various combinations of the ag#tiesn1 andn2 equals roughly -1/2, which means

that ¢ varies roughly like the geometric mean of the Wweazosities\/n1n2 .

2.COLLISION OF SPHERICAL DROPS. -

Literature

Coalescence and therefore collision are very ingmorfor they appear in various mixing problems

(emulsions, blends) or in metallurgy (sintering roétallic powders [2]). They are also essential in
colloids, coatings, foams and may be also reletantellular systems, in particular when discussing
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coagulation or aggregation. The resulting micragtme of the system or material greatly depends on
coalescence phenomena.

Coalescence and break-up [3-9] are actually oftso@ated in these systems because they appder at t
same time and it may be difficult to predict white is the governing mechanism. Droplets in elaogat
and shear situations have already been considé&q. [The most complete work on drainage in a
coalescence process is due to Chesters [1] wheystematic analysis of the flow of the interstifiaid

is analyzed analytically using different interfactised, mobile or partially mobile. Numerical woHas
also been proposed [10] showing the onset of fiattebefore opening of a hole.

When thinking about a two-drop system, Frenkellsitsan [11] may be recalled as well as experiments

by Kuczynski [2], both showing the evolution of thedius of the hole which is opening Iik%/% (tis
time). More recently a close solution [12-13] wdstained for two-dimensional cases using mapping
functions. The neck growth problem [14] was aga@ated experimentally in a complete manner for a
polymeric system, showing correlation of the neadllius with the compliance over several decades in
time. On the other hand, a very recent study [Hs] froved that the initial evolution of the holdits is

like t1/7. But this study does not tell us how interfacé@igion comes into this relation. In the same work,
multiple air traps were computed numerically, whiglems rather surprising.

Polymeric systems are also of interest. Models ritdag groups of droplets (blends) require a few
statistical assumptions, in particular the numbfedroplets per unit volume and the probability fbe
drops to meet. Such models for coalescence [lGaild]based on the assumption that coalescence is
possible only if draining of the interstitial fluig fast enough. The study of copolymers has atmnb
considered [18], showing their stabilizing effettsys preventing coalescence. Models can finakyiot

the final diameter or its evolution in time [19-2@] can be concluded that coalescence is more ritzupo
than break-up in certain cases [21-23].

Nevertheless, the understanding of the coalesgerumss during collision is still not well undeto
due to the strong nonlinearities involved (surfageformations, curvatures), therefore a careful
experimental study is needed to understand thisgsoand the governing parameters, and this isithe
of this work.

Governing parameters

Let us consider a system composed of two dropfefisid 1 with viscosityn1 and densityp1 in an outer
fluid 2 of viscosityn2 and densityp2 (figure 1). They have radii Rand B anda is the interfacial
tension.

Fig. 1. - Sketch of the system
Fig. 1. - Schéma du systéeme

The five dimensionless parameters are the radtics Ra/Ro, the viscosity ratia)1/n2, the density ratio
p1/p2, a capillary number, sayjR1/otc (where ¢ is the characteristic time of the phenomenon efioee

a typical velocity is R/tc) and the Suratman number cﬁaRllr]lz. In our case, we will neglect

gravitational effects because close densities ptegedimentation in the time interval considered.
Furthermore S<<1, due to the high viscosities ugdterefore we will look for a relation between



n1R1/otc and the ratios f#R2 andn1/n2. The system will be considered axisymmetric arotinedz-axis

(figure 1), and this is verified experimentally.

In this particular paper, we will neglect viscogiaeffects, which are not important due to thetipatar
choice of the fluids. Systems including viscoelzstishould therefore also include other dimensesl
numbers such as the Weissenberg numbers.

3. EXPERIMENTAL TECHNIQUE . -

Two sets of polymers are used in the experimeng first one is a series of polydimethylsiloxanes
(PDMS, Rhbne-Poulenc, 47VT series, three viscasib® Pa.s, 100 Pa.s, 500 Pa.s at 20°C). The second
polymer is polyisobutylene (PIB, BP chimie, D seri¢hree viscosities: 58 Pa.s, 210 Pa.s, 705 Pa.s a
20°C). Therefore nine different viscosity combinas may be considered, according to the inner and
outer polymers chosen, PDMS or PIB. This allowsrge of viscosity ratios of about two decades. The
interfacial tensioro is roughly 3mN/m, and is constant for the varioystams. The relaxation times of
these polymers are typically of the order of a failliseconds, therefore elastic effects can be ewgt,

due to the longer times involved in the experiments

c)t=10.8 s d) t=12.4s



e)t=16.8 s f) t=21.6s

Fig. 2. - Collision of droplets of PIB (705 Pa.8)RDMS (60 Pa.s)
Fig. 2. - Collision de gouttelettes de PIB (7059)alans du PDMS (60 Pa.s)

The fluids are prepared by hand-mixing without gsiompatibilizers. The volume concentration ofdlui
1 is about 5%, so that a sufficient number of detspis obtained and the droplets are not too ¢tosach
other. The resulting emulsion is placed betweertaasgplate and a micro cover glass, to be observed
under a Leica microscope. Droplets are chosendntidle of the glass plates, in order to avoideedg
effects, so that we can consider that the motiondsed three dimensional. The two droplets aratkat

in the same plane so that both are in focus. Thkign® that they should have about the same radiey. T
are not far from each other, so that the time tib iwanot too long before they collide. Just befarkole is
formed, the video camera is started and colliseomlze studied.

A typical experiment is depicted in the seriesigfifes 2a-f. In this experiment, more viscous detspl
(PIB, 705 Pa.s) are used in a matrix of less visdluid (PDMS, 60 Pa.s). We first start with twatiial
spherical droplets (figure 2a) almost touching. Mhehole is formed in about 10 seconds (figureain
the droplets start to merge. After some short fffigrire 2c), the droplets have already deformedeund
the action of interfacial tension. A little latdigiuire 2d), the newly-formed drop is showing a ffigant
change. This drop is almost in its final equililniyosition after about 17 seconds (figure 2e),rhote
time is required for reaching equilibrium (figurf.2

To determine the characteristic time of the rapédys of the collision, we choose to represent thaphy
D(t)/Dg versus time, sketched in figure 3. D(t) is thegténof the final drop, and @2(R1+R2) is the

initial length if the drops touch.

D(t)/ Do
A D()

Re
R]_ + R2
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Fig. 3. - Determination oftfrom the plot of D(t)/[p) vs. t
Fig. 3. - Détermination de:ta partir de la courbe D(t)/p vs. t




D(t)/Dg equals roughly 1 at time 0, because of possibktefting effects. The interstitial fluid is fimgall
removed until a hole is formed. Then a rapid dasagbserved, where the slopeclik determined. This
definition of . has been chosen because it is difficult to detegraixactly when the hole opens up. As a
consequence, it seems very difficult to measurehtdle radius, so that is why the length D(t) isduse

instead. The final length of the drop is gRat infinite time) where 83: R13+R23 from mass

conservation. This final radius is obtained foiinité times, because of relaxational effects. Timitihg
value of D(t)/y at infinite time is R/(R1+R2). This limiting value as a function of{fR2 decreases from

1 (R1=0) to about 0.63 (iR=R2), then increases again to 10(R®). Therefored, which is defined as the
time required for a variation of 1 (of D(t)§p may appear a bit large because D(g)/bes not show

variations larger than 0.37. In figure 4, the akgraph of D(t) deduced from figures 2 is shown.
We notice the plateau at short times correspontirftnal drainage of fluid 2: the distance D(t) da®t
change much. A hole is opened at t~10s. The tingdeduced from the slope is found to pe-t28s. This

result corresponds to a viscosity rationgfn2=11.75 1=705 Pa.sn2=60 Pa.s). Using the value of the
interfacial tension of 3mN/m, and the radijR2.9um and B=10.9um, a corresponding reduced time

ote/n1R1 of about 9 is found (see figure 5).

The capillary number, which is the inverse of teduced time, according to our definition, is fouade
always smaller than one, as expected, becauskativiss governed mainly by interfacial effects.

4. RESULTSAND DISCUSSION . -

The results corresponding to different viscositjosaare depicted in figure 5. Sixteen different
experiments were performed. A log-log represematib the reduced timetc/n1R1 vs. the viscosity

ration1/n2 has been used.
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Fig. 4. - D(t) for droplets of PIB (705 Pa.s) in Fig. 5. - Reduced timgte/n1R1 versus1/n2
PDMS (60 Pa.s) Fig. 5. - Tempsite/n1R1 adimensionnel en
Fig. 4. - D(t) pour des gouttelettes de PIB fonction de1/n72

(705Pa.s) dans du PDMS (60 Pa.s)

In the experiments, the radius ratio of the dropsdonot change very much, a typical radius sizetfer
drops is around 10n. Indeed, droplets have similar sizes, becauséothes is easier to make in such a
case. Therefore, we may assume that the only \@panameter isj1/n2, the ratio R/R2 remaining a
constant close to 1. The slight scattering of tlaadis explained by differences in drop sizes.
Nevertheless, the separate experiments (some eedeatre performed and the plot @fz/n1R1 vs.

n1/n2 appears to show a typical slope of about -0.5, twerdecades. This means thatvaries like

n1inz , in other words the geometric mean of the vig@ssiof the two fluids.d should increase when
both viscosities increase, which is the case. Taerat may be useful, in such a problem, to cosisigh



equivalent capillary number based on the so-caféective viscosityne = «/nlrlz. At this point, no
clear evidence of the importance of this viscogign be found or modeled in the literature. The
characteristic timectvaries like ¢ ~ ne R1/0. The influence of the other parameters is as erdedthe
larger the radius R the larger the timectrequired to create the new surface. The largeirttesfacial

tensiona, the smaller the timeo(is the driving force).
This result is new and interesting because it shtbesmportance of an effective viscosify responsible

for the deformation of the interface, in a comp@gometrical system where interfacial tension is the
driving force.

5. CONCLUSION. -

It is often difficult to predict how the free suecfa of a two-phase system deforms when effects like
interfacial tension and viscosities are presents Simple analysis of drop collision shows the rolean
equivalent viscosity which may not have been gukbséorehand, in the case of a PDMS/PIB system.

In addition, this original set-up may be very uséfu the investigation of other effects such aeiifacial
tension, the influence of compatibilizers at théeiface, and may finally be used for understanding
coalescence in general, including the drainagechiiig, and collision phases. Finally, it could be
generalized to viscoelastic systems.
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